AIR registry is well suited for the identification of genetic factors contributing to diabetes and the metabolic syndrome. From the 30 GWAS genes selected (some genes were represented by multiple SNPs), 20 SNPs exhibited associations with one or more of the diabetes related traits with nominal significance (p ≤ 0.05). In addition, 25 SNPs were nominally significantly associated with one or more of the metabolic phenotypes tested (p ≤ 0.05). Most notably, 5 SNPs from 5 genes [body mass index (BMI), hip circumference: rs3751812/ FTO; fasting plasma glucose, hemoglobin A1c: rs4607517/ GCK; very-low-density lipoprotein: rs10830963/MTNR1B; BMI: rs13266634/SLC30A8, and total cholesterol, low-density lipoprotein: rs7578597/THADA] were significantly associated with obesity, glycemic, and lipid phenotypes when using the multiple testing significance threshold of 0.0015. Conclusion: These findings extend previous work on Mexican Americans to suggest that metabolic disease is strongly influenced by genetic background in this high-risk population.
Introduction
The metabolic syndrome represents a clustering of type 2 diabetes risk factors, including hyperglycemia, insulin resistance, hypertension, dyslipidemia, obesity and endothelial dysfunction [1, 2] . Over the past three decades, the global prevalences of obesity, type 2 diabetes and the metabolic syndrome have rapidly and relentlessly increased. In the United States, 35 .7% of adults are obese [3] , 8.3% have type 2 diabetes and as many as 39% are estimated to have the metabolic syndrome [4] . Moreover, these prevalence rates are even higher among certain populations, including Mexican Americans.
Many studies have identified environmental factors, including physical inactivity and caloric excess, which contribute to the pathogenesis of type 2 diabetes and the metabolic syndrome [5] . Likewise, there is much evidence to demonstrate that genetics plays an important role in these diseases [6] [7] [8] [9] [10] [11] [12] [13] . To date, over 70 susceptibility loci have been associated with type 2 diabetes and related metabolic traits, including TCF7L2, SLC2A2, IGF2BP2, CDKAL1, FTO, GCK, JAZF1, THADA, NOTCH2, CDKN2A/B and MADD, with the majority of those identified by GWAS [6, 7, [13] [14] [15] [16] [17] [18] [19] [20] . However, the majority of these studies were performed on European populations and much less is known about the genetic influences on metabolic disease in Mexican Americans.
Recently, a GWAS and meta-analysis performed on Mexican Americans from Starr County, Texas, and Mexico City identified associations with previously reported type 2 diabetes susceptibility single nucleotide polymorphisms (SNPs) as well as novel loci [21, 22] . Specifically, the GWAS in Mexican Americans identified a novel locus (C14orf70) and provided suggestive associations for other previously reported loci (HNF1A, KCNQ1, IGF2BP2 and CDKN2A/CDKN2B) [22] . In addition, 24 common genetic variants previously associated with type 2 diabetes were genotyped in a Mexican Mestizo population [23] . In that study, the authors confirmed that the associations previously identified in European populations, including rs13266634 (SLC30A8), rs7923837 (HHEX), rs10811661 (CDKN2A/2B), rs4402960 (IGF2BP2), rs12779790 (CDC123/CAMK1D), and rs2237892 (KCNQ1) were also present in the Mexican Mestizo population [23] . The transcription factor-7-like 2 (TCF7L2) has been studied in Mexican Americans from San Antonio, Texas, and it has been demonstrated that variation in the TCF7L2 genomic region may affect the risk for type 2 diabetes in this population, but the risk may be lower than in the nonHispanic white population [24] .
Given the limited available data on how genetic factors contribute to metabolic disease among Mexican Americans, we developed the Arizona Insulin Resistance (AIR) registry as a mechanism to facilitate biomedical and genetic research in this high-risk population. A description of the registry and the goals of this study have been discussed elsewhere [25] . The present study describes the initial heritability estimates for type 2 diabetes and metabolic syndrome phenotypes in the AIR registry. Additionally, we determined if SNP associations with type 2 diabetes and related traits selected from previously published GWAS studies were also present in this population.
Subjects and Methods

AIR Registry
All study participants were Mexican Americans from the AIR registry, which has been described elsewhere [25] . Briefly, of the 667 participants enrolled in the study, 353 were distributed across 92 families from the AIR registry. The remaining 314 participants represented single unrelated individuals, who were considered for the analysis because they contribute to the evaluation of covariate effects. The 353 participants from 92 families generated 723 relative pairs that were distributed across 14 relative-pair categories ( table 1 ) . Metabolic, anthropometric, demographic and medical history information was obtained on the 667 individuals (aged Blood samples were obtained after a 12-hour fast for the assessment of various phenotypes, including glucose, insulin, triglycerides, total cholesterol (Chol), high-density lipoprotein cholesterol (HDL), low-density lipoprotein cholesterol (LDL) and very-lowdensity lipoprotein cholesterol (VLDL). In addition, all participants ≥ 12 years of age (n = 641) underwent a 2-hour oral glucose tolerance test (2hOGTT), where a solution containing 1.75 g/kg dextrose (up to 75 g) was ingested and venous blood samples were obtained at 30, 60, 90, and 120 min for the determination of glucose and insulin concentrations. Plasma glucose was measured by the glucose oxidase method using a YSI 2300 STAT plus (YSI INC., Yellow Sprigs, Ohio, USA), and insulin was measured in duplicate by an enzyme-linked immunosorbent assay (ALPCO Diagnostics, Windham, N.H., USA). All other laboratory tests were performed by a Clinical Laboratory Improvement Amendments-certified commercial laboratory (Sonora Quest Laboratories, Phoenix, Ariz., USA).
SNP Selection and Genotyping
We isolated genomic DNA from whole blood using the PAXgene Blood DNA procedure per the manufacturer's instructions (Qiagen, Calif., USA). A total of 40 SNPs representing 30 GWASidentified genes/loci were selected from published studies that previously reported an association with type 2 diabetes and related traits (online suppl. table 1; for all online suppl. material, see www. karger.com/doi/10.1159/000363411). The SNPs were selected from candidate genes and most of the first-generation GWAS type 2 diabetes risk variants reported to assess their transferability and to examine their relevance to various metabolic syndrome related traits in a Mexican American population. Additional SNPs in the FTO and TCF7L2 genes were chosen based on multiple variants in those genes associated with type 2 diabetes or related phenotypes. The 40 SNPs were genotyped in the AIR registry subjects.
We obtained SNPs by the Assay-by-Design service (Applied Biosystems, Calif., USA), and they were genotyped as previously described [1] . Briefly, in a 384-well plate, 2 μl of purified genomic DNA (2 ng/μl) were incubated with primers and probes with the SNP of interest (0.09 μl), 3.5 μl of TaqMan Universal Polymerase Chain Reaction Master Mix-No AmpErase UNG and 1.14 μl of distilled water. Samples were polymerase-chain-reaction-amplified on the Applied Biosystems 9700HT Thermal Cycler under the following conditions: denatured for 10 min at 95 ° C, denatured, annealed, and extended for 40 cycles of 15 s at 92 ° C and 1 min at 60 ° C. The 384-well microplates were scanned for fluorescence emission using a 7900HT sequence detector (Applied Biosystems), and alleles were scored using the allelic discrimination software Sequence Detection System v2.3 (Applied Biosystems). For all SNPs genotyped, our mean rate of success for genotyping was >99%.
Phenotypes for Genetic Analysis
A total of 21 diabetes and metabolic phenotypes, including indices of insulin action and secretion, were used for the analysis: body mass index (BMI), waist circumference (WC), hip circumference (HC), total cholesterol (Chol), HDL, LDL, VLDL, triglyceride (TG), systolic blood pressure (SBP), diastolic blood pressure (DBP), fasting plasma glucose (FPG), 2hOGTT, hemoglobin A1c (HbA1c), fasting plasma insulin (FPI), homeostasis model assessment for insulin resistance (HOMA IR), Matsuda index, disposition index, prediabetes status, diabetes status, alanine aminotransferase (ALT) and aspartate aminotransferase (AST). The formulas and references of the indices of insulin action, secretion and β-cell function, which are derived from the OGTT, have been described previously [26] . To normalize the trait distributions for genetic analyses, BMI, WC, TG, VLDL, SBP, ALT, AST and Matsuda index were log transformed, and HC, FPG, 2hOGTT, HbA1c, FPI, HOMA IR and disposition index were transformed using inverse normalization.
Statistical Genetic Analysis
We used a variance components (VC) approach as implemented in the program SOLAR to estimate the heritabilities of quantitative or continuous (e.g. BMI) and qualitative or dichotomous (e.g. diabetes status) traits (Sequential Oligogenic Linkage Analysis Routines (SOLAR); http://www.txbiomed.org/solar) [27] . To determine whether the heritability of a given phenotype was significant (p ≤ 0.05), a likelihood-ratio test was used. Each trait-specific genetic analysis determined heritability after accounting for covariate influences (e.g. age and sex), and the covariates in our models varied depending on the phenotype tested. Specifically, covariates such as age, sex, age 2 , age × sex, and age 2 × sex were included in all analyses if found to be significant (p ≤ 0.05). For the purpose 50 of discussion, we used the term 'age and sex terms' to refer to the significant covariates of age, sex and their higher order terms and interactions. For BMI, WC and HC, we adjusted for the covariate effects of age and sex terms and diabetes. For Chol, TG, HDL, LDL and VLDL traits, in addition to the age and sex terms and diabetes covariate effects, we also accounted for lipid medication. For SBP and DBP, in addition to age and sex terms and diabetes covariate effects, we also adjusted for hypertension medication. For ALT and AST, we accounted for the covariate effects of age and sex terms. For HbA1c, FPI, HOMA IR, Matsuda index, disposition index, FPG, 2hOGTT and prediabetes status phenotypes, we used data only from non-diabetics and accounted for covariate effects of age and sex terms only. Finally, for diabetes status, we adjusted for age and sex terms and BMI.
We performed an association analysis using the measured genotype approach (MGA) within the VC analytical framework as in SOLAR for both continuous and dichotomous traits [27, 28] . This approach allowed us to account for the non-independence among family members by incorporating a residual polygenic component. In a given model, VCs are modeled as random effects (e.g. additive genetic effects and random environmental effects), and the mean effects of the measured covariates (e.g. age and sex) are modeled as fixed effects on the trait mean. In MGA, generally, the marker genotypes are incorporated in the mean effects model as a measured covariate assuming additivity of allelic effects [28] . The VCs, the association parameters, and the other covariate effects (e.g. age and sex terms) were estimated simultaneously by maximum likelihood techniques. We considered the same covariates that were used to determine heritabilities. We tested the hypothesis of no association by comparing the likelihood of a model in which the effect of the measured genotype was estimated with a model where the effect of measured genotype was fixed at zero. Before performing MGA, using SOLAR, the quantitative transmission disequilibrium test (QTDT) was performed to evaluate population stratification, using the notation of within (w) and between (b) family components of association [29] . Using likelihood ratio tests, a significant difference (p ≤ 0.05) between the b and w parameters can be considered as evidence of population stratification. If the presence of population stratification was observed, the QTDT procedure was employed to assess association using within family information, which was robust to population stratification.
For the purposes of exploring the association of the GWASidentified diabetes susceptibility variants with variation in diabetes and metabolic traits in Mexican Americans in the AIR registry, we used a nominal p ≤ 0.05 as our initial threshold for statistical significance. However, to address the issue of multiple testing, given the linkage disequilibrium (LD) patterns among some of the examined SNPs, an effective number of SNPs was obtained using the method of Li and Ji [30] to derive a p value adjusted for multiple testing. The effective number of SNPs (i.e. 39 SNP association analyses) in the data set was 33, and the required significance threshold was 0.0015. No additional attempts to correct for multiple testing were made, since correcting for multiple testing with regard to non-independence among the examined phenotypes/models is not straightforward. The program SOLAR was used to calculate the allele frequencies, to test deviations from Hardy-Weinberg Equilibrium (HWE) and to estimate LD between SNP pairs using r 2 values.
Results
The clinical characteristics of the AIR registry participants are shown in table 2 . The available trait-specific sample sizes ranged from 471 (Matsuda and disposition indices; non-diabetic individuals only) to 666 (BMI, SBP and DBP; all individuals, i.e. diabetic and non-diabetic individuals). Thus, the genetic analyses for the heritability and association assessments used all available traitspecific data. Heritability estimates for the 21 diabetes and metabolic phenotypes were determined using SO-LAR and were moderate to high in magnitude (range 0.30-1.00) and significant. All of the phenotypes measured were significant with the exception of DBP, FPG, 2hOGTT and prediabetes status ( table 3 ) . Although the heritability estimates of DBP, FPG, 2hOGTT and prediabetes status were not significant, they were within the range of those published in previous studies [31] .
We genotyped 40 common SNPs (representing 30 genes/loci), and 39 of these were polymorphic and in HWE (p ≤ 0.01). The marker rs1801282, which lies in the PPARG gene, was not in HWE and was discarded from subsequent analysis. Minor allele frequencies of the 39 52 bles 5 and 6 , respectively. The nominal p values related to association analyses shown in these tables are uncorrected for multiple testing. However, all p values shown in bold are those corrected for multiple testing, which met the required significance threshold of 0.0015. As reported in tables 5 and 6 , some of the tests to determine the presence of population stratification could not be rejected, hence the association findings from the QTDT procedure were reported. There were 20 SNPs that exhibited nominal associations with one or more of the diabetes and related phenotypes tested ( table 5 ) . Since the HbA1c, FPI, HOMA IR, Matsuda index, disposition index, FPG and 2hOGTT analyses used data from non-diabetic individuals, which included those with prediabetes, we reanalyzed these trait associations after excluding the prediabetic individuals. Given the fact that the sample sizes were decreased, as expected, several of the association findings of these traits have been attenuated, some even becoming nonsignificant (data not shown). These data reveal that the examined diabetes risk variants appear to be potential markers for assessing the increased risk of metabolic abnormalities associated with a prediabetes condition.
There were 25 SNPs that exhibited nominal associations with one or more of the metabolic phenotypes tested ( table 6 ) . However, as reported in tables 5 and 6 , only 5 SNPs from 5 genes (BMI, HC: rs3751812/FTO; FPG, HbA1c: rs4607517/GCK; VLDL: rs10830963/MTNR1B; BMI: rs13266634/SLC30A8, and Chol, LDL: rs7578597/ THADA) were significantly associated with obesity, glycemic and lipid phenotypes when using the required significance threshold of 0.0015.
The genotype class specific mean values for the quantitative traits related to diabetes and the metabolic syndrome that were associated with a p ≤ 0.01 (i.e. uncorrected for multiple testing), including the 8 significantly associated phenotypes (p ≤ 0.0015), are shown in table 7 . Of the 34 significant associations, 17 were found to replicate the same association direction (i.e. same risk allele) as the one identified in the original GWAS or candidate gene studies (online suppl. table 1). We observed similar p value associations for the TCF7L2, FTO and SLC30A8 SNPs that were in strong LD and, as such, we have shown the genotype-class-specific mean values for rs3751812/ FTO, rs7903146/TCF7L2 and rs13266634/SLC30A8. As reported above, rs3751812 (FTO), rs4607517/GCK, rs10830963 (MTNR1B), rs13266634 (SLC30A8) and rs7578597 (THADA) were significantly associated with one or more diabetes and/or metabolic phenotypes (p ≤ 0.0015). As shown in table 5 , none of the associations with diabetes and prediabetes reached the required significance threshold, although 2 variants exhibited associations with a p ≤ 0.01 (i.e. uncorrected for multiple testing) as follows: rs10811661/CDKN2A/B, βSNP = -0.012 ± 0.002, p = 0.0115 and rs4607517/GCK, βSNP = 0.292 ± 0.101, p = 0.0037. The direction of the prediabetes associations was consistent compared in these SNP associations with glucose, HbA1C and Matsuda index ( table 7 ) .
Discussion
This study examines for the first time the genetic contributions to diabetes and metabolic traits in the AIR registry sample. The AIR registry is composed of Mexican American individuals residing in the area of Phoenix, Arizona, and was extensively phenotyped for type 2 diabetes and metabolic syndrome measures. The prevalence of diabetes in our population was 12.3%, which was above the 8.3% of the general population [32, 33] . Moreover, we observed that 34% of the participants were classified with prediabetes, which was similar to national averages that showed a 36% prevalence of prediabetes in Mexican American adults in the United States [33] .
Although most of the heritability estimates of the phenotypes examined in the AIR registry appear to be consistent with previously published studies [31] , it is possible that they may have been inflated, since shared environmental influences were not accounted for in our analyses. Also, it is possible that heritability can be age dependent, which may be underestimated when age dependence is present. The heritability estimates of DBP, FPG, 2hOGTT and prediabetes did not reach statistical significance in our study. Perhaps DBP may not have reached significance due to the variability that is often observed in DBPs within an individual [34] . For this 54 study, every attempt was made to measure DBP appropriately, since we measured DBP twice and calculated the average. However, it has been suggested that repeated measurements increase the precision in assessing an individual's underlying mean pressure and it may have been more appropriate to take additional measurements [34] . Although FPG, 2hOGTT and prediabetes status heritability estimates were not significant, they were trending towards significance and were within the heritability estimate ranges of other previously published studies [31] . The heritability estimate of diabetes was significantly different from zero, but it was imprecise. There is rela- tively little power to calculate heritability for diabetes affection status in this data set, attributable to the age-adjusted prevalence of about 9%. There is considerable loss of power observed for dichotomous versus continuous traits, and this power loss is a function of prevalence [35] . Therefore, the appropriate interpretation is that it appears heritable in this population, but the estimate is imprecise. Overall, the majority of the heritability estimates for the phenotypes tested were significant, indicating that the AIR registry is well suited for the identification of genetic factors contributing to diabetes and metabolic syndrome related traits.
The purpose of this study was 2-fold in that it allowed us to estimate the heritabilities of the phenotypes collected as part of the AIR registry and to perform genetic association analyses in the sample. Specifically, we performed a common SNP genotype association analysis with type 2 diabetes and metabolic syndrome related traits in the AIR registry. The common SNPs were selected from the first-generation GWAS analyses, which have been reviewed elsewhere and are presented in online supplementary table 1 [7, 13] . Our goal was to determine whether an association between the risk alleles with type 2 diabetes and related phenotypes was present in our cohort, since the majority of the first-generation GWAS analyses were performed on European populations [7, 13] .
There have been a handful of studies that have performed GWAS in Mexican Americans. A GWAS for the identification of type 2 diabetes susceptibility variants/ genes in Mexican Americans from Starr County, Texas, revealed several SNPs (rs979752 and rs10500641 near UBQLNL and OR52H1 on chromosome 11; rs2773080 and rs3922812 in or near RALGPS2 on chromosome 1, and rs1509957 near EGR2 on chromosome 10), with suggestive evidence for association [36] . More recently, there has been a GWAS and meta-analysis performed on Mexican Americans from Starr County, Texas, and Mexicans living in Mexico City, Mexico [21, 22] . This GWAS in Mexican Americans identified a novel locus (C14orf70) and provided suggestive associations for other previously reported loci (HNF1A, KCNQ1, IGF2BP2 and CDKN2A/CDKN2B) [22] . The meta-analysis top signals included 49 SNPs in 8 gene regions (PER3, PARD3B, EPHA4, TOMM7, PTPRD, HNT, LOC729993 and IL34) and 6 intergenic regions. Lastly, a study involving a Mexican Mestizo population using previously identified type 2 diabetes risk variants demonstrated an association of diabetes with the markers rs13266634 (SLC30A8), rs7923837 (HHEX), rs10811661 (CDKN2A/2B), rs4402960 (IGF2BP2), rs12779790 (CDC123/CAMK1D) and rs2237892 (KCNQ1) [23] .
We identified 20 SNPs nominally associated with one or more of the diabetes related traits (p ≤ 0.05) and 25 SNPs with one or more of the metabolic phenotypes tested. Of note, 5 SNPs from 5 genes (BMI, HC: rs3751812/ FTO; FPG, HbA1c: rs4607517/GCK; VLDL: rs10830963/ MTNR1B; BMI: rs13266634/SLC30A8, and Chol, LDL: rs7578597/THADA) were significantly associated (p ≤ 0.0015) with obesity, glycemic and lipid phenotypes when adjusting for multiple testing using the method of Li and Ji [30] . Several correlated traits were examined in our study; however, additional correcting for multiple testing with regard to multiple correlated traits is not straightforward, given that the models and traits are not independent [1, 37, 38] .
We found relatively strong associations for the FTO SNP rs3751812 with obesity measures. FTO is a fat mass and obesity-associated protein, but in spite of the name, the function of this protein still remains unclear [39] . This SNP has been highly associated with obesity in humans and, by extension, is related to type 2 diabetes [39, 40] . The strong association of FTO with obesity measures has been demonstrated in our cohort with the deleterious minor allele T associating with BMI, HC and WC. Our findings are in agreement with previously published studies that have shown similar results indicating that the minor SNP allele of rs3751812 conferred a predisposition to obesity [39] . Moreover, the minor allele of this SNP was associated with HOMA IR and FPI, indicating that this variant in our Mexican American population is also associated with diabetes related traits.
TCF7L2 codes for a transcription factor involved in the Wnt signaling pathway and has been associated with type 2 diabetes in multiple ethnic groups [41] [42] [43] [44] [45] [46] [47] [48] . We found 5 SNPs in TCF7L2 (rs7901695, rs4506565, rs7903146, rs12243326 and rs12255372) that were in high LD, confirming what has been described in other populations [49] . In the present study, the minor alleles of each of these SNPs were associated with higher HDL and lower VLDL, TG, ALT and BMI. In our study, we demonstrated an association with diabetes for rs12255372 in TCF7L2, although the statistical significance was suggestive (p = 0.055). To date, most of the TCF7L2 SNP association studies have demonstrated an association with diabetes and glycemic related phenotypes [13] , and it has been suggested that the TCF7L2 SNPs are the strongest known genetic risk factor for type 2 diabetes [45] .
The study in the Mexican Mestizo population using previously identified type 2 diabetes risk variants dem-onstrated an association of diabetes with rs13266634 (SLC30A8) [23] . In our study, we did not demonstrate an association with diabetes; however, we did show that the risk allele was associated with higher levels of BMI, HC and WC. This indicates, therefore, that this variant is associated with measures of obesity in our Mexican American population.
GCK (Glucokinase) is an enzyme that regulates glucose cycling in several tissues, including the liver and pancreas [50] . SNP rs4607517 in this gene has been implicated with fasting glucose levels and type 2 diabetes in multiple populations, making it an excellent candidate to explore in our population [51, 52] . In the present study, we observed associations with the minor allele A and elevated FPG and HbA1c. These findings of elevated FPG levels with the minor allele A correspond to a previous observation in another Mexican American population study, further validating the strength of the associations we reported [50] .
THADA (thyroid adenoma associated) is known to lower measures of β-cell function [53] . This is further supported by the fact that numerous associations between SNP rs7578597 in THADA and type 2 diabetes related traits have been observed in other populations [54, 55] . In our Mexican American population, we observed a nominal association with prediabetes, reaffirming the previous findings in other studies. Moreover, we observed strong associations with Chol and LDL, illustrating the multifactorial nature of the metabolic syndrome.
Although our discussion has focused mainly on those SNPs that are relatively strongly associated with multiple phenotypes, we nominally replicated other GWAS SNPs previously reported with diabetes or metabolic phenotypes, including ADCY5, CDKN2A/B, CRY2, FADS1, G6PC2, GLIS3, HNF1B, IGF1, IGF2BP2, MADD, MTNR1B, JAZF1, PROX1 and SLC2A2. Together, our results demonstrate multiple common GWAS SNP associations with diabetes and metabolic-syndrome traits in the AIR registry. These validation findings of multiple SNP associations with diabetes and metabolic syndrome related traits demonstrate that these SNPs contribute to the genetics of these complex diseases in our cohort. The results of this study are promising, though further work needs to be performed. Larger cohorts of Mexican Americans are required to test these SNPs further and to better understand how genetic factors contribute to diabetes and the metabolic syndrome in this high-risk population. Several of the associations found in our study are replications of what has previously been observed in other populations, but there were also notable associations that were not similarly replicated in this study. This could infer a potential genetic difference between our cohort and other study populations, or it may be attributed to the sample size available for this study.
